Leptin (OB protein) elicits a neuroendocrine response to starvation and states of nutritional abundance to stabilize the proportion of body fat. Leptin has dramatic effects on food intake and energy expenditure in adult and juvenile rodents. However, whether the neonatal period is associated with the development of an effective leptin feedback system is still not known. In this study, we evaluated the effects of peripherally administered leptin on body weight changes in neonatal rats during the early suckling period (from birth to 10 d). Our results show that daily i.p. injections of leptin (0.3 g/g and 1.0 g/g) to neonatal rats led to a significant reduction in weight gain over 10 d compared with the control group (p Ͻ 0.01 and p Ͻ 0.01, respectively). Concomitant with a reduction in weight gain, retroperitoneal fat pad weight also significantly decreased in the leptin-treated group. Our data indicate that the potential for energy balance regulation by leptin occurs in the first day after birth. In addition, we also observed that 3 d after discontinuing leptin treatment, the body weight as well as the fat pad weight of leptin-treated pups returned to the control level. Our results demonstrate that leptin reduces body weight gain in neonatal rats. Leptin, the secreted product of the obese (ob) gene, regulates food intake and energy expenditure (1, 2). Leptin may increase energy expenditure by enhancing systemic (3) and brown adipose tissue glucose utilization (4). Thus far, adipose tissue (5) as well as the stomach (6) have been identified as sites of leptin synthesis. Leptin acts as a link in the feedback loop between adipose tissue and satiety centers in the hypothalamus, resulting in a decrease in appetite and an increase in energy expenditure (5, 6). However, it is also possible that sources of leptin other than adipose tissue play a similar role. For example, the epithelium of the gastric fundus and gastric glands not only synthesize and store leptin, but also secrete leptin in response to food intake (7). Arterially injected leptin increases gastric vagal nerve activity (8), and these afferent inputs link nutrient-related events in the gastrointestinal tract to the CNS areas that mediate the control of food intake (9, 10). We recently observed that leptin applied to the gastric mucosa increases neuronal activity in the nucleus tractus solitarius of the brain stem, the first relay station of autonomic afferent inputs (11).
Leptin (OB protein) elicits a neuroendocrine response to starvation and states of nutritional abundance to stabilize the proportion of body fat. Leptin has dramatic effects on food intake and energy expenditure in adult and juvenile rodents. However, whether the neonatal period is associated with the development of an effective leptin feedback system is still not known. In this study, we evaluated the effects of peripherally administered leptin on body weight changes in neonatal rats during the early suckling period (from birth to 10 d). Our results show that daily i.p. injections of leptin (0.3 g/g and 1.0 g/g) to neonatal rats led to a significant reduction in weight gain over 10 d compared with the control group (p Ͻ 0.01 and p Ͻ 0.01, respectively). Concomitant with a reduction in weight gain, retroperitoneal fat pad weight also significantly decreased in the leptin-treated group. Our data indicate that the potential for energy balance regulation by leptin occurs in the first day after birth. In addition, we also observed that 3 d after discontinuing leptin treatment, the body weight as well as the fat pad weight of leptin-treated pups returned to the control level. Our results demonstrate that leptin reduces body weight gain in neonatal rats. Leptin, the secreted product of the obese (ob) gene, regulates food intake and energy expenditure (1, 2) . Leptin may increase energy expenditure by enhancing systemic (3) and brown adipose tissue glucose utilization (4). Thus far, adipose tissue (5) as well as the stomach (6) have been identified as sites of leptin synthesis. Leptin acts as a link in the feedback loop between adipose tissue and satiety centers in the hypothalamus, resulting in a decrease in appetite and an increase in energy expenditure (5, 6) . However, it is also possible that sources of leptin other than adipose tissue play a similar role. For example, the epithelium of the gastric fundus and gastric glands not only synthesize and store leptin, but also secrete leptin in response to food intake (7). Arterially injected leptin increases gastric vagal nerve activity (8) , and these afferent inputs link nutrient-related events in the gastrointestinal tract to the CNS areas that mediate the control of food intake (9, 10). We recently observed that leptin applied to the gastric mucosa increases neuronal activity in the nucleus tractus solitarius of the brain stem, the first relay station of autonomic afferent inputs (11) .
There is evidence that leptin regulates body weight during the postnatal period (12, 13) . However, in young rodents, unlike in adults, leptin decreases body weight gain via increasing energy expenditure by varying the metabolic rate (13) . In suckling pups (from birth to 21 d), because food intake is restricted by the maternal milk supply, the energy expended for thermoregulation limits the energy left for growth and fat deposition (14) . Moreover, endogenous leptin levels of postnatal rats correspond to changes in dietary fat intake. Trottier et al. (15) reported that suckling rat pups fed higher levels of fat in milk have elevated circulating leptin levels. A pharmacological dose of leptin was reported to cause a significant reduction in juvenile fat deposition (13) .
Although several studies have reported on body weight regulation by leptin in juvenile animals (12, 13) , there are few reports on leptin's effects in neonates. It has been postulated that during the early suckling period (from birth to 10 d) leptin may not regulate fat deposition (15) . However, there is a significant positive correlation between body weight gain in neonates and rise in leptin levels (16) . To date, no in vivo study has been done on leptin's pharmacological effects in animals immediately after birth, in which adipose tissue and the appetite regulatory system are immature. The objective of this study was to evaluate the effects of peripherally injected leptin on body weight changes in neonatal rats during the early suckling period.
MATERIALS AND METHODS
Experimental protocol. The study protocol was approved by the Institutional Animal Care and Use Committee of the University of Chicago. Timed pregnant Sprague-Dawley rats were obtained from Harlan Sprague-Dawley (Madison, WI, U.S.A.). Nine litters (63 pups) of both sexes were used. Litters were individually housed and were allowed access to food and water ad libitum. Pups were reared by their biologic mother.
Pups of each litter were randomly assigned into three groups: control (PBS vehicle) group, low-dose leptin (0.3 g/g) group, and high-dose leptin (1.0 g/g) group. Daily i.p. injections of test drug or vehicle was given to pups for 9 d, and all pups were weighed daily. After d 9, i.p. injections were discontinued, and all pups were weighed again on d 10 and d 12. Fine needles (28 gauge) were used for all i.p. injections to minimize pain and discomfort. After each injection, rats were immediately returned to the mother to reduce distress.
To confirm the accuracy of injections, in another five pups, a colored solution (1% pontamine sky blue) was injected i.p. Five minutes after i.p. injections, the animals were euthanized using 100% CO 2 . Dissection results showed that the colored solution was localized in the peritoneal cavity. Moreover, there were no signs of internal organ penetration.
Another 24 pups were used for the measurement of fat pad weight. Twelve pups received daily leptin (1.0 g/g) injections for 9 d and the remaining 12 pups received daily PBS vehicle injections for the same period of time. On d 10, six animals of each group were euthanized, and right retroperitoneal fat pads were removed and weighed. On d 12, the remaining 12 animals (six animals of each group) were euthanized, and the right fat pads were removed and weighed.
Drug. The methionyl murine leptin was provided by Amgen, Inc. (Thousand Oaks, CA, U.S.A.). Leptin was purified by ion exchange and hydrophobic interaction chromatography to have a purity of Ͼ 99% using HPLC and a Coomassie assay (Amgen).
Data and statistical analysis. The animal body weight data with or without leptin administrations were analyzed using ANOVA for repeated measures. For body weight changes between d 10 and d 12, as well as for fat pad weight changes with or without leptin injection, t test was used. In all cases, p Ͻ 0.05 was considered statistically significant. Table 1 shows that leptin reduces body weight gain in neonatal rats. The body weight of each neonatal rat on d 1 was normalized to 100%, and the body weight changes after leptin treatment from d 1 to 12 were compared with the control data. Compared with the control group (n ϭ 11), the weight gain of pups, from d 1 to 10, who received a single daily i.p. leptin injection of 0.3 g/g (n ϭ 11) or 1.0 g/g leptin (n ϭ 12) for 9 consecutive days was significantly reduced (p Ͻ 0.01 and p Ͻ 0.01, respectively).
RESULTS
For better illustration, in Figure 1 , the daily mean weight of pups in control group was adjusted to 100%. The daily percentage in weight change of the two leptin-treated groups was expressed as percentage changes compared with the control group. The dose-related effects of leptin can be seen. The maximum difference in weight-change of pups after 1.0 g/g leptin treatment was approximately 17%. For both leptin groups, the maximum difference in weight change occurred on d 10.
As shown in Figure 1 , on d 12, i.e. 72 h after discontinuing leptin treatment, the body weight of the two leptin-treated groups almost returned to control level.
As shown in Figure 2 , on d 10, the weights of right retroperitoneal fat pads from control group (n ϭ 6) and leptin group (n ϭ 6) were 283 Ϯ 32.7 mg (mean Ϯ SD) and 132 Ϯ 30.5 mg, respectively. Compared with the control group, the weights of the fat pads in the leptin group was significantly reduced (p Ͻ 0.01). On d 12, the weights of the fat pads from control group (n ϭ 6) and leptin group (n ϭ 6) were 334 Ϯ 39.1 mg and 314 Ϯ 50.0 mg, respectively. Compared with the control group, the weight of the fat pads in the leptin group was not significantly different. Compared with the control group (n ϭ 11), the weight gains of pups who received nine consecutive daily i.p. leptin injections of 0.3 g/g (n ϭ 11) and 1.0 g/g (n ϭ 12) were significantly reduced ( p Ͻ 0.01 and p Ͻ 0.01, respectively). Leptin treatment was discontinued after d 9, and the body weight of the two leptin-treated groups quickly returned toward control level (on d 12). For percent change, body weight of each animal on d 1 was normalized to 100%, and the weight changes from d 2 to d 12 were compared with d 1 (100%).
LEPTIN REDUCES WEIGHT GAIN IN NEONATES

DISCUSSION
This is the first study to report that peripheral leptin administration from the first day after birth induced a cumulative effect over time to reduce body weight gain in neonates. Previous investigations with adult rodents have shown that leptin causes weight loss by decreasing food intake as well as by increasing energy expenditure (1, 2). The animals that were used for the present study were in the early suckling stage, during which milk intake is mainly regulated by the amount of milk the pups can consume (17) . It has been reported that in suckling juvenile rats (7-16 d after birth) treated with leptin, the weight-reducing effects of leptin were due solely to increased energy expenditure (13) . In rodents, leptin has been reported to increase systemic (3) and brown adipose tissue (4) glucose utilization. The efferent pathways for leptin's effects on energy expenditure may be associated with the activity of the sympathetic nervous system and the subsequent stimulation of heat production in brown adipose tissue (18) . Since brown fat is well developed in newborn rodents, it is plausible that leptin caused a significant reduction in weight gain by similar mechanisms in pups used in the present study. It is possible that a reduction in milk intake also contributed to the weight loss. However, it is difficult to artificially feed newborn rats in our study. The youngest rats used in previous studies for milk intake measurement were suckling rats older than 1 wk (13) .
In humans (19) and rodents (20) , serum leptin can be detected at birth and then it undergoes a rapid decline. These changes may reflect alterations in hormonal and nutritional status (19) during the early neonatal period. Leptin levels in rodents also showed a response to milk intake (20) . Our results show that 1-to 10-d-old rat pups are able to adjust fat storage when the signal provided by leptin in the physiologic state is altered by exogenously supplied leptin. The weight-reducing effect of leptin is not likely to be the result of conditioned taste aversion. When leptin was injected into the lateral brain ventricle at a dose that reduced short-term food intake, there were no aversive side effects to saccharine (21) .
Although the signaling-competent obese protein receptor b has been found in sites other than adipose tissue, notably the gastric epithelium and gastric glands that also secrete and store leptin (6), leptin is still viewed as an adipose tissue signal to hypothalamic networks involved in feeding. In this study, daily leptin was administered i.p. for 10 consecutive days to evaluate body weight changes in neonatal rats. The highest daily dose of the peptide was 1.0 g/g (1.0 mg/kg), which is less than one-tenth of the dose given s.c. to lean juvenile rats (13) . It has been shown that the pharmacokinetics of i.p. drug administration is different from the i.v. route. In rats, compared with i.v. injections, a relatively high and sustained drug level can be obtained in the abdominal cavity with low systemic exposure with an i.p. injection (22) . The ability of a drug to be retained for longer periods in the peritoneal cavity is directly proportional to its molecular weight (23) . With a molecular weight of 16,178 (24) , leptin is a qualified candidate. This potentially high and sustained leptin level raises the possibility that the compound may also signal central neural networks from an intra-abdominal organ like the gut. The gastric epithelium and glands have the capability to synthesize and store leptin, and also secrete leptin in response to food intake (6) . It has also been reported that leptin injected into the gastric artery increased the spike count of gastric vagal afferents (8) . In our recent in vitro neonatal rat study, we observed that leptin applied to the gastric mucosa modulates gastric vagal afferent activity in the nucleus tractus solitarius (11) , which has neural connections with the dorsomedial hypothalamic nucleus (25) (26) (27) , an area involved in leptin-mediated weight-reducing effects. In addition to leptin's systemic effect, it is likely that i.p. leptin administration is able to stimulate gastric vagal afferents, and thus establish a direct relationship between peripheral leptin receptors and the CNS. Our results from this study, which show that peripherally injected leptin regulates body weight during the early development stage, support our previous observation that leptin signals the CNS via gastric vagal afferents in neonatal rats (11) . Plasma leptin levels in infants highly correlate to the size of adipose tissue mass (28) . Although fat pad to body weight ratios during the early developmental period are extremely small (15) , in this study, the retroperitoneal fat pad weight in leptin-treated pups was found to be significantly reduced. Wang et al. (4) reported that peripherally administered leptin may decrease adiposity by increasing glucose and oxygen utilization in brown adipose tissue while decreasing energy storage in white adipose tissue. The weight decrease in fat pads that we observed supports the notion that leptin increases energy expenditure, and suggests that the effect of leptin on suppression of weight gain can at least partly be attributed to the reduction in adipose tissue mass.
The body weight changes induced by leptin over 10 d were not uniform. This may reflect changes in leptin receptor expression and/or abdominal organ bindings during the development of the neonatal rat, as well as changes in the hormonal and nutritional status. Interestingly, in this study, we observed that on d 10, 24 h after the last i.p. leptin injection, suppression of weight gain continued. However, on d 12, 72 h after the last i.p. leptin injection, the body weight in leptin-treated groups rapidly returned to the control level. Although i.p. administration was given to achieve a relatively high and sustained drug level, the short half-life (5-9 min) of leptin (29, 30) may partly explain our observation. Our results may provide information for treatment regimen design when leptin is used to control the body weight in different species.
In summary, our data demonstrated that treatment of 1-d-old rat pups with a single daily i.p. injection of murine leptin for 9 d significantly suppressed weight gain compared with control littermates. The effects of leptin seem to be reversible upon withdrawal of leptin. Our results indicate that the potential for energy balance regulation by leptin occurs within the first several days after birth and suggest that leptin may play a role in regulating the body weight in neonates.
